Introduction
============

Progranulin (GRN) is a highly conserved, highly glycosylated multifunctional growth factor that is expressed in many different cell types ([@ddx162-B1]). It consists of 7.5 granulin domains and upon secretion it can be cleaved by several elastases, releasing the individual granulin domains (granulin A-G and paragranulin). This cleavage can be inhibited by secretory leukocyte protease inhibitor (SLPI) and hence provides a mechanism for tight regulation ([@ddx162-B2],[@ddx162-B3]). GRN can be endocytosed by binding sortilin (SORT1), a vacuolar protein sorting 10 (VPS10) protein domain receptor that mediates GRN uptake and its transport to the lysosomes ([@ddx162-B4]). GRN has multiple other binding partners in different cell compartments, but it remains incompletely understood how it exerts all its biological effects ([@ddx162-B3]).

In the periphery, GRN is involved mostly in cancer, inflammation, wound healing and metabolic disease ([@ddx162-B5]). In the central nervous system, GRN expression is limited to neurons and microglia ([@ddx162-B6]) and GRN is thought to act as a neurotrophic factor ([@ddx162-B7]) and a modulator of neuroinflammation ([@ddx162-B8]).

Heterozygous loss-of-function mutations in the GRN gene are a frequent cause of frontotemporal dementia (FTD), a devastating neurodegenerative disorder primarily affecting the frontal and anterior temporal lobes ([@ddx162-B9],[@ddx162-B10]). Most mutations lead to a reduction of 50% of the levels of functional GRN in the blood and the cerebrospinal fluid ([@ddx162-B7],[@ddx162-B11]) hence causing the disease through haploinsufficiency.

Homozygous loss-of-function mutations have been reported in a few patients with the lysosomal storage disorder neuronal ceroid lipofuscinosis (NCL) ([@ddx162-B14],[@ddx162-B15]). Interestingly, the pathobiochemical hallmarks of this lysosomal storage disease were shown to closely resemble those seen in FTD ([@ddx162-B16]), pointing towards an important role of GRN in lysosomal function. How GRN deficiency causes neuronal death is presently unknown, but exaggerated microglial activation ([@ddx162-B17]), lysosomal dysfunction ([@ddx162-B20]) and reduced neurotrophic support to neurons may be contributive factors ([@ddx162-B7],[@ddx162-B21],[@ddx162-B22]). Unraveling the biological function of GRN in the central nervous system could hold far-reaching therapeutic opportunities, as GRN has also been identified as a modifier of neurodegeneration in models of Parkinson's disease ([@ddx162-B8]), Alzheimer's disease ([@ddx162-B23]), motor neuron degeneration ([@ddx162-B24],[@ddx162-B25]) and stroke ([@ddx162-B26],[@ddx162-B27]).

*In vitro* studies have shown that GRN is able to increase the survival and neurite outgrowth of both motor and cortical neurons and that these effects can be attributed to the most C-terminal granulin domain, granulin E ([@ddx162-B7],[@ddx162-B28]). Although the 3 most C-terminal amino acids are required for SORT1 interaction ([@ddx162-B4]), the stimulation of neuronal outgrowth by GRN is not mediated through its interaction with SORT1 ([@ddx162-B31],[@ddx162-B32]).

In this study, we employed the *in vivo* paradigm of facial nerve crush injury to identify the molecular mechanisms behind the neurotrophic effects of GRN. Transcriptional changes associated with GRN-induced neuronal outgrowth in mice pointed towards the lysosomal aspartyl protease cathepsin D (CTSD) as a major player in the cascade by which GRN exerts its neurotrophic effects. In addition, we reveal a novel chaperone function of GRN on CTSD that is mediated by its C-terminal granulin domain. We show that this chaperone function is essential to stimulate axonal outgrowth after nerve crush injury and can at least in part be explained by an enhanced stabilization of the enzyme in the presence of GRN.

Results
=======

Recovery from facial nerve crush is delayed in GRN deficient mice
-----------------------------------------------------------------

To investigate the role of GRN in nerve outgrowth *in vivo*, we generated GRN deficient (mGRN^−/−^) mice ([Supplementary Material, Fig. S1](#sup1){ref-type="supplementary-material"}) and subjected them to a nerve crush injury just distal to the retroauricular branch of the facial nerve ([Fig. 1A and B](#ddx162-F1){ref-type="fig"}), using the uninjured contralateral side as internal control. Immediately after the injury, all mice completely lost the ability to move the whiskers on the ipsilateral side. Three days after nerve crush, 95% of axons were lost in the distal segment of the facial nerve, as quantified on transverse sections ([Fig. 1C--E](#ddx162-F1){ref-type="fig"}). Functional recovery of the whisker movement was complete in non-transgenic (NTG) animals within 13 days post crush ([Fig. 1F](#ddx162-F1){ref-type="fig"}). This degeneration was not accompanied by changes in number or morphology of neuronal cell bodies in the facial motor nucleus ([Supplementary Material, Fig. S2](#sup1){ref-type="supplementary-material"}).

![mGRN^−/−^ mice show delayed functional recovery after facial nerve crush injury. (**A**) Schematic representation of the facial nerve anatomy (adapted and adjusted from Kuzis et al. ([@ddx162-B55])). The facial nerve crush injury is performed immediately posterior from the bifurcation with the retroauricular branch (**B**, arrowhead), making the facial nerve completely transparent at the injury site (B, arrow). Semi-thin cross sections of contra- (**C**) and ipsilateral (**D**) facial nerve, distal from the injury site. (**E**) 95% of axons are lost in the distal nerve segment at 3 days post crush. \*\**P \< *0.01, Mann-Whitney test. (**F**) The absence of mGRN significantly delays functional recovery of the of the whisker movement. ^\#^*P *\<* *0.0001, RM Two-way ANOVA followed by Bonferroni correction. (**G**) Area under the curve of whisker movement recovery scores is significantly reduced in mGRN^−/−^ mice. \*\*\**P \< *0.001, Student's t-test. Data is shown as mean ± SEM.](ddx162f1){#ddx162-F1}

A comparative study between NTG and mGRN^−/−^ mice, with daily analysis of whisker movements, showed that the functional recovery was significantly delayed in mGRN^−/−^ mice ([Fig. 1F](#ddx162-F1){ref-type="fig"}). The curve representing the whisker movement scores of mGRN^−/−^ mice shows an average delay of 1.5 days in recovery as calculated from the IC50 values from the interpolated standard curves (10.8 for mGRN^−/−^ versus 9.3 for NTG mice). While this effect may seem small, it is larger than we expected, as several other studies only reported a difference of 1 day in recovery when comparing transgenic p75 or Gal1 null mutant mice with wild-type controls ([@ddx162-B33],[@ddx162-B34]). As a result, it is also reflected by a significant reduction in area under the curve (AUC) of the whisker movement recovery in mGRN^−/−^ animals ([Fig. 1G](#ddx162-F1){ref-type="fig"}). This suggests that GRN promotes, but is not indispensable for axonal regeneration *in vivo*.

Human GRN overexpression rescues nerve outgrowth defect in mGRN^−/−^ mice via its C-terminus
--------------------------------------------------------------------------------------------

Using our facial nerve crush model, we were unable to identify a dose-dependent effect of GRN as heterozygous mGRN^+/-^ animals did not differ in recovery speed compared to NTG controls ([Supplementary Material, Fig. S3A](#sup1){ref-type="supplementary-material"}). Interestingly, mGRN^+/-^ animals did show a significant upregulation of *GRN* mRNA in the facial nerve at 5 days post injury, reaching up to 3-fold of endogenous *GRN* mRNA levels of uninjured NTG mice ([Supplementary Material, Fig. S3B](#sup1){ref-type="supplementary-material"}). This amount of locally transcribed GRN might be sufficient to mediate its protective effects.

To further study dose-dependency of the GRN effect, we made use of our previously published mouse model that overexpresses human GRN (hGRN) by introduction of its cDNA in the ROSA26 locus ([@ddx162-B35]). Increasing the GRN levels in NTG mice did not result in a faster recovery from facial nerve crush injury ([Supplementary Material, Fig. S3C](#sup1){ref-type="supplementary-material"}). However, the introduction of hGRN in a mGRN^−/−^ background, by intercrossing these two transgenic lines, revealed a complete rescue of the delay in whisker movement recovery observed in mGRN^−/−^ mice ([Fig. 2A](#ddx162-F2){ref-type="fig"}). This was true for both heterozygous and homozygous overexpression of hGRN, resulting in a significant increase in the AUC of the whisker movement recovery ([Fig. 2B](#ddx162-F2){ref-type="fig"}). These observations are a clear indication for the specificity of our effect which depends particularly on the presence of GRN. It also shows that the neurotrophic function of GRN *in vivo* is preserved by the hGRN protein.

![Re-introduction of hGRN rescues whisker movement recovery in mGRN^−/−^ mice, but only if the C-terminal granulin domains are present. (**A**) mGRN^−/−^ mice that contain one or two copies of the hGRN cDNA show a similar recovery as NTG mice, which is significantly faster than mGRN^−/−^ mice. ^\#^*P *\<* *0.001, RM Two-way ANOVA followed by Bonferroni correction. (**B**) Analysis of the area under the curve of whisker movement recovery is increased to baseline levels upon introduction of hGRN in mGRN^−/−^ mice. \**P *\<* *0.05, \*\**P *\<* *0.01, One-way ANOVA. (**C**) The introduction of one or two copies of hGRN(418X) cDNA in mGRN^−/−^ mice did not rescue the delay in whisker movement recovery. \*\*\**P *\<* *0.001, ^\#^*P *\<* *0.0001, RM Two-way ANOVA followed by Bonferroni correction. (**D**) Analysis of the are under the curve is still reduced upon introduction of hGRN(418X) in mGRN^−/−^ mice. \**P *\<* *0.05, \*\**P *\<* *0.01, One-way ANOVA. Data is shown as mean ± SEM.](ddx162f2){#ddx162-F2}

We previously showed that the neurotrophic properties of GRN are depending specifically on its C-terminal granulin domain, granulin E ([@ddx162-B7],[@ddx162-B31]). To study this observation in our *in vivo* model, we created a mouse model that expresses a truncated hGRN protein, by introducing the hGRN cDNA carrying the R418X mutation in the ROSA26 locus ([Supplementary Material, Fig. S4](#sup1){ref-type="supplementary-material"}), and crossed them with mGRN^−/−^ mice. In contrast to what we observed when expressing the full length hGRN in a mGRN^−/−^ background, expression of the truncated hGRN protein in these mice did not rescue the delay in whisker movement recovery after facial nerve crush injury ([Fig. 2C and D](#ddx162-F2){ref-type="fig"}). These data suggest that also *in vivo*, the neurotrophic effect of GRN is mediated by its C-terminus.

Neuronal GRN is essential for nerve regeneration
------------------------------------------------

Upon facial nerve crush injury, a clear microglial response can be observed in the ipsilateral facial motor nucleus ([Fig. 3A--C](#ddx162-F3){ref-type="fig"}). A time course analysis of transcriptional changes showed that the upregulation of microglia specific genes such as Iba1 and CD11b is maximal at 5 days post crush, with an approximate 12-fold increase over the uninjured contralateral side ([Fig. 3D and E](#ddx162-F3){ref-type="fig"}). GRN mRNA expression in the facial motor nucleus followed a very similar pattern after the injury, with a maximal 5-fold increase at 5 days post crush ([Fig. 3F](#ddx162-F3){ref-type="fig"}). At this timepoint, GRN protein expression showed high co-localization with Iba1 positive microglia ([Fig. 3G](#ddx162-F3){ref-type="fig"}). Therefore, we explored the contribution of microglial GRN to *in vivo* neurite outgrowth using microglial specific mGRN knockout mice (mGRN^f/f^ x CX3CR1^cre/ERT2^). Microglial GRN deletion abrogated the injury-induced upregulation of GRN ([Fig. 3H](#ddx162-F3){ref-type="fig"}), but the recovery of whisker movements in the mGRN^f/f^.CX3CR1^cre+^ mice occurred at exactly the same speed as in the mGRN^f/f^.CX3CR1^cre-^ mice ([Fig. 3J](#ddx162-F3){ref-type="fig"}). While we observed a clear lack of mGRN upregulation during the inflammatory response due to the microglial GRN deletion, CD11b upregulation was unaltered and no reduction in GRN mRNA was seen in the uninjured contralateral facial motor nucleus ([Fig. 3H and I](#ddx162-F3){ref-type="fig"}). This strongly suggests that microglial GRN is not driving the observed protective effects. Moreover, GRN expression in basal conditions was mainly neuronal and might be essential to stimulate axonal outgrowth after nerve crush injury. We therefore created a neuronal-specific knockout of GRN (mGRN^f/f^ x Thy1^cre/ER^) and observed a significant delay in axonal regrowth and functional recovery after crush ([Fig. 3K and L](#ddx162-F3){ref-type="fig"}), with a similar effect size compared to the full mGRN knockout mice. Taken together, these data suggest that neuronal production of GRN is both necessary and sufficient to stimulate nerve regeneration *in vivo*.

![Microgliosis in the facial motor nucleus is maximal at 5 days post injury, but only neuron specific GRN knockout mice recapitulate the delayed recovery of mGRN^−/−^ mice. (**A**) Thionin stained section through the brainstem. Left and right facial motor nucleus are delineated by the dotted lines. Scale bar** **= 500 µm. (**B--C**) A strong increase in Iba1 immunoreactivity is observed in the facial motor nucleus on the ipsilateral side, at 5 days post crush. Scale bar** **= 100 µm. (**D--F**) qPCR analysis of microglial genes (Iba1, CD11b) and mGRN, in the facial motor nucleus at different days post crush. (**G**) mGRN staining overlaps with Iba1 positive microglia and is absent in mGRN^−/−^ mice. Scale bar** **= 25 µm. (**H--I**) Relative mRNA expression of *mGRN* (H) and *CD11b* (I) in the ipsi- and contralateral facial motor nucleus of microglial specific mGRN knockout mice at 5 days post crush. \*\*\*\**P *\<* *0.0001, Two-way ANOVA followed by Tukey's test. (**J--K**) Microglial mGRN knockout mice show a normal recovery after crush (J), while neuronal GRN deletion recapitulates the delayed recovery that is observed in mGRN^−/−^ mice (K). \**P *\<* *0.05, \*\**P *\<* *0.01, RM Two-way ANOVA followed by Bonferroni correction. (**L**) Analysis of area under the curve of whisker movement recovery in Thy1.CreER^+^ mGRN^f/f^ mice is significantly reduced. \**P *\<* *0.05, Mann-Whitney test. Data is shown as mean ± SEM. FMN = facial motor nucleus.](ddx162f3){#ddx162-F3}

CTSD transcription is increased in the facial motor nucleus of mGRN^−/−^ mice after crush
-----------------------------------------------------------------------------------------

To gain more insight into the molecular mechanisms underlying the neuronal outgrowth deficit in mGRN knockout mice, we performed RNA sequencing on total RNA, extracted from the facial motor nucleus of NTG, mGRN^−/−^ and mGRN^−/−^.hGRN**^+/+^**mice ([Fig. 4A--C](#ddx162-F4){ref-type="fig"}). RNA samples were collected at 5 days post crush as the transcriptional upregulation of GRN was maximal at this timepoint in NTG animals ([Fig. 3F](#ddx162-F3){ref-type="fig"}).

![Transcriptome analysis of facial motor nucleus RNA, 5 days post injury. (**A--C**) Schematic representation of the setup used for our RNA sequencing experiment. The number of significantly up- and downregulated genes (FDR** **\< 0.05; LogFC\>\|1\|) post injury is shown in red and green, respectively. (**D--F**) Graphical representation of the immune response in the three different groups. (**G**) Venn diagram showing the number of significantly up- and downregulated genes post crush, in red and green, respectively. (**H**) qPCR validation of CTSD mRNA expression after nerve crush injury confirming a significant upregulation of CTSD in the ipsilateral facial motor nucleus. \*\**P *\<* *0.01, Two-way ANOVA followed by Bonferroni correction. Data is shown as mean ± SEM.](ddx162f4){#ddx162-F4}

Gene ontology analysis was performed on all genes with a significant differential expression pattern in the facial nuclei at the injured side of mGRN^−/−^ versus NTG mice (*P \< *0.01). This analysis showed a significant overrepresentation (FDR \< 0.05) of lysosome-associated genes in mGRN^−/−^ mice ([Table 1](#ddx162-T1){ref-type="table"}). Table 1Top up- and downregulated gene ontology categories identified in mGRN^−/−^ miceUpregulated GO categoriesGO CategoryTotal GenesOverexpressed GenesEnrichmentLog10(p)FDRLytic vacuole204114,897−4.800.015Lysosome204114.897−4.800.015Vacuole234114.269−4.250.040Downregulated GO categoriesGO CategoryTotal GenesUnderexpressed GenesEnrichmentLog10(p)FDRPositive regulation of T cell activation70610.42−4.630.035Positive regulation of lymphocyte activation10478.18−4.630.023Antigen processing and presentation45513.51−4.490.025Positive regulation of leukocyte activation11277.60−4.420.020Positive regulation of cell activation11677.34−4.320.025Immune system process778182.81−4.200.034Hemoglobin complex22Antigen processing and presentation of peptide antigen31415.69−3.940.048Cation homeostasis23694.64−3.850.042Cellular metal ion homeostasis19085.12−3.760.042Metal ion homeostasis19385.04−3.720.042Regulation of T cell activation10467.01−3.670.042Regulation of lymphocyte activation15175.64−3.610.045

The transcriptional changes after nerve crush injury were analyzed as paired data, taking into account the expression level of each gene in the uninjured contralateral facial motor nucleus. Inflammatory responses were very similar ([Fig. 4D--F](#ddx162-F4){ref-type="fig"}), but a relatively small number of genes was different across genotypes compared to the large effect of the crush injury ([Fig. 4G](#ddx162-F4){ref-type="fig"}). A set of genes with an absolute ΔLogFC \> 0.5 in mGRN^−/−^ versus NTG mice and normal expression in mGRN^−/−^.hGRN^**+/+**^ mice was identified. Using this approach, *cathepsin D* (*CTSD*) ranked as the most significant upregulated gene in the facial motor nucleus of mGRN^−/−^ mice after nerve crush injury ([Table 2](#ddx162-T2){ref-type="table"}). CTSD expression was increased by an average ΔLogFC of +0.73, and thus the increase seen in NTG and mGRN^−/−^.hGRN^**+/+**^ mice was almost doubled in mGRN^−/−^ animals. This finding was confirmed by qPCR analysis which showed an excessive upregulation of CTSD in mGRN^−/−^ mice that was approximately 100% higher than in NTG and mGRN^−/−^.hGRN^**+/+**^ animals ([Fig. 4H](#ddx162-F4){ref-type="fig"}). These results show that mGRN^−/−^ mice express an increased amount of CTSD in the facial motor nucleus after nerve crush injury, which might be necessary to mediate functional recovery. Table 2Top 10 differentially regulated genes in mGRN^−/−^ mice with normalized expression in mGRN^−/−^.hGRN^+/+^ mice at 5 days post crush, ranked according to significanceGeneΔLogFC mGRN^−/−^ vs NTGΔLogFC mGRN^−/−^ vs mGRN^−/−^ .hGRN^+/+^Average ΔLogFCmGRN^−/−^ FDRCtsd0.800.670.732.70E-26Grp0.500.880.696.17E-16Lrp1−0.64−0.62−0.631.23E-07Nefm0.560.510.542.40E-06Gm108002.994.173.583.54E-04Cyth4−1.13−0.63−0.886.38E-04Scarna171.831.381.617.66E-04Ccl12−0.70−0.77−0.731.30E-031700003F12Rik−0.55−0.71−0.635.46E-03Lst10.880.560.721.31E-02[^2]

GRN stabilizes CTSD, increasing its proteolytic activity to stimulate nerve regeneration
----------------------------------------------------------------------------------------

While CTSD levels were not changed in the uninjured facial motor nucleus of our young mGRN^−/−^ mice ([Fig. 4H](#ddx162-F4){ref-type="fig"}), we did observe a significant upregulation of CTSD mRNA in brain cortices of 22--24 month old mGRN^−/−^ mice ([Fig. 5A](#ddx162-F5){ref-type="fig"}), similar to the pattern seen in the injured facial motor nucleus and this upregulation was also present at the protein level ([Fig. 5B and C](#ddx162-F5){ref-type="fig"}). As predicted by our measurements in the facial motor nucleus, this upregulation of CTSD was completely counteracted by transgenic expression of hGRN (in mGRN^−/−^.hGRN^**+/+**^ mice). To further study the role of GRN in modulating CTSD activity, brain lysates were analyzed using a CTSD activity assay and normalized to the levels of mature CTSD protein in these lysates. These experiments showed that CTSD proteolytic activity is significantly decreased in old mGRN^−/−^ mice ([Fig. 5D](#ddx162-F5){ref-type="fig"}), suggesting that the transcriptional upregulation occurs in response to decreased efficiency of the enzymatic function of CTSD. Supplementation of exogenous recombinant hGRN in this assay enhanced CTSD enzyme activity in brain lysates ([Fig. 5E](#ddx162-F5){ref-type="fig"}), and the addition of hGRN to an active recombinant CTSD showed a similar outcome ([Fig. 5F](#ddx162-F5){ref-type="fig"}). Moreover, hGRN increased CTSD activity in a dose-dependent manner ([Fig. 5G](#ddx162-F5){ref-type="fig"}). Similar to the domain specificity of the neurotrophic effect of GRN, this chaperone function was also observed for the C-terminal granulin E (GrnE) domain ([Fig. 5H](#ddx162-F5){ref-type="fig"}).

![GRN and GrnE increase the proteolytic activity of CTSD. (**A**) CTSD mRNA expression in brains of 22-24 month old mice. \*\**P *\<* *0.01, One-way ANOVA. (**B**) Western blot analysis of old mice brain lysates that were used for CTSD enzymatic assays. (**C**) Quantification of CTSD(mat) levels, normalized to actin. \*\*\*\**P *\<* *0.0001, One-way ANOVA. (**D**) CTSD enzyme activity in relative fluorescent units (RFU) normalized to the levels of mature CTSD protein. 2.5 µM pepstatin A was added to NTG lysates as a specificity control**.** \**P *\<* *0.05, \*\**P *\<* *0.01, One-way ANOVA. (**E**) Change in CTSD enzymatic activity upon the addition of 100 ng recombinant hGRN to brain lysates. \**P *\<* *0.05, \*\*\**P *\<* *0.001, One-way ANOVA. (F) Addition of 100 ng hGRN to an active recombinant CTSD peptide increases its proteolytic activity. \*\**P *\<* *0.01, \*\*\**P *\<* *0.001, \*\*\*\**P *\<* *0.0001, Two-way ANOVA followed by Bonferroni correction. (**G**) hGRN increases the proteolytic activity of 5 ng recombinant CTSD in a dose**-**dependent manner. (**H**) Addition of equimolar amounts GrnE and GRN increase the proteolytic activity of 5 ng CTSD to a similar extent. \*\*\*\**P *\<* *0.0001, One-way ANOVA. Data are shown as mean ± SEM.](ddx162f5){#ddx162-F5}

Next, we looked for a physical interaction between GRN and CTSD. GRN and CTSD are known to be localized to lysosomes, and to be two of the most abundant proteins in lysosomes ([@ddx162-B36]). Also inside SMI-32 positive neurons in the facial motor nucleus, we observed significant overlap of CTSD and mGRN positive vesicles ([Fig. 6A](#ddx162-F6){ref-type="fig"}). Pull down experiments using his-tagged hGRN and GrnE, added to brain lysates, confirmed that both CTSD(pro) and CTSD(mat) co-precipitated with either the full length GRN protein as well as with the C-terminal GrnE protein ([Fig. 6B and C](#ddx162-F6){ref-type="fig"}). These experiments provide strong evidence for a direct interaction between GRN and CTSD, which is also mediated by its C-terminus.

![GRN and GrnE show a direct interaction with CTSD. (**A**) GRN and CTSD co-localize inside SMI**-**32 positive neurons in the facial motor nucleus. Scale bar** **= 50 µm. (**B--C**) Pull down of recombinant hGRN (B) or GrnE (C) co-precipitates both the pro- and mature form of CTSD from brain lysates.](ddx162f6){#ddx162-F6}

As shown by previous studies, CTSD activity is highly dependent on temperature. Even short incubations at increased temperatures have been shown to inactivate its enzymatic activity ([@ddx162-B37],[@ddx162-B38]). Also in our experiments, incubating 5 ng of recombinant CTSD protein for 1 h at 37 °C led to a highly reduced detection of the protein on western blot ([Fig. 7A](#ddx162-F7){ref-type="fig"}). Interestingly, the addition of hGRN to the CTSD protein at 37 °C drastically improved the stability of CTSD in these conditions ([Fig. 7A](#ddx162-F7){ref-type="fig"}). In the presence of hGRN, a substantial amount of CTSD protein remained even after 1 h of incubation at 60 °C, while no CTSD protein could be detected in the same conditions without hGRN ([Fig. 7A](#ddx162-F7){ref-type="fig"}). This finding was highly reproducible, using different concentrations of CTSD, and was independent of its activity, as shown by co-incubation with pepstatin A ([Fig. 7B](#ddx162-F7){ref-type="fig"}). While 1 h pre-incubation of CTSD at 37 °C led to a significant reduction in CTSD proteolytic activity by approximately 50%, this function was completely preserved in the presence of hGRN ([Fig. 7C](#ddx162-F7){ref-type="fig"}). Based on these findings, we hypothesized that the rate of CTSD turnover might be higher in the absence of GRN. Therefore, we created mGRN^−/−^ mouse embryonic fibroblasts (MEFs) to study heat inactivation of CTSD at different temperatures. As different delivery routes for extracellular GRN to the lysosome exist ([@ddx162-B39]), we added hGRN to the medium of these cells. Serum-free medium was used to increase the rate of endocytosis. We could clearly detect endocytosis of hGRN in the cell lysates and found that the addition of hGRN to mGRN^−/−^ MEFs protected against heat-induced breakdown of CTSD ([Fig. 7D and E](#ddx162-F7){ref-type="fig"}).

![GRN stabilizes CTSD, which is necessary to mediate axonal outgrowth *in vivo*. (**A**) Heat inactivation of CTSD is prevented by the addition of hGRN. (**B**) Silver staining showing that the inhibition of CTSD activity by PepA has no effect on its heat inactivation. (**C**) Pre-incubation of CTSD for 1 h at different temperatures leads to a significant reduction in its proteolytic capacity, which is prevented by the addition of hGRN. \*\*\*\**P* \< 0.0001, Two-way ANOVA followed by Bonferroni correction. (**D,E**) Heat inactivation of CTSD in mGRN^−/−^ MEFs for 1 h at 42 °C (D) and 15' (after 3h pre-incubation with hGRN) at 50 °C (E) is prevented by the supplementation of hGRN, in a temperature dependent manner. \**P \< *0.05, \*\**P \< *0.01, Student's *t*-test. (**F**) A combined heterozygous reduction of mGRN and CTSD significantly delays whisker movement recovery. \**P \< *0.05, \*\**P \< *0.01, ^\#^*P \< *0.0001, RM Two-way ANOVA followed by Bonferroni correction. (**G**) Analysis of the area under the curve of whisker movement recovery. \**P \< *0.05, \*\*\**P \< *0.001, Kruskal Wallis test followed by Dunn's test. Data is shown as mean ± SEM. PepA = pepstatin A.](ddx162f7){#ddx162-F7}

Hypothesizing that the observed effect of GRN on CTSD function and stability would be important for the functional recovery after nerve crush, we explored this interaction in the *in vivo* paradigm of facial nerve crush injury. Comparable to heterozygous mGRN knockout mice, heterozygous CTSD knockout mice show a normal recovery after nerve crush ([Supplementary Material, Fig. S3 D](#sup1){ref-type="supplementary-material"}). Interestingly, the combined mGRN^+/-^. CTSD^+/-^ heterozygous knockout mice showed a significantly delayed recovery ([Fig. 7F and G](#ddx162-F7){ref-type="fig"}). Hence, the synergistic effect of reducing GRN and CTSD levels on neurite outgrowth indicates that the chaperone function of GRN on CTSD is necessary *in vivo* to stimulate nerve outgrowth and functional recovery after nerve crush injury.

Discussion
==========

GRN is a pleiotropic growth factor of which the expression in the nervous system is largely limited to neurons and microglia ([@ddx162-B6]). Currently, three main hypothesis exist that could explain the disease mechanisms in illnesses caused by GRN deficiency. First of all, GRN has been implicated in neuroinflammation, as an anti-inflammatory protein via its inhibitory effect on TNF signaling ([@ddx162-B40]). It is however still a debate whether this interaction is truly important for the biology of GRN in the central nervous system ([@ddx162-B41]). In our acute neurite outgrowth model, we could not find evidence for beneficial effects of microglial GRN. While *tnfrsf1b*, the gene encoding tumor necrosis factor receptor type 2, was one of the genes in the transcriptome analysis of which the expression was significantly increased after nerve crush injury, this response was similar in the absence or presence of GRN. Furthermore, we observed a comparable inflammatory response between the mGRN^−/−^ mice and the NTG animals. However, these acute injury experiments do not exclude important roles of GRN in microglia and neuroinflammation.

Second, GRN acts as a neurotrophic factor to increase neuronal survival and neurite outgrowth ([@ddx162-B7],[@ddx162-B28],[@ddx162-B29],[@ddx162-B32]). Two recent papers identified Notch signaling ([@ddx162-B42]) and EPHA2 ([@ddx162-B43]) as functional receptors for GRN. However, we did not observe transcriptional changes related to Notch receptors or Notch response genes after nerve crush injury. RNA expression of a small subset of ephrin signaling genes (EPHA4, Efna3, Efnb3) was changed after crush, but none of these changes were GRN-dependent.

A third hypothesis, that GRN is necessary to maintain proper lysosomal function, has been put forward since the discovery of homozygous *GRN* mutations in a few patients with NCL ([@ddx162-B14],[@ddx162-B15]). However, the putative lysosomal function of GRN remains unknown and how GRN deficiency might cause neurodegeneration through lysosomal dysfunction is still largely unexplored. There is some evidence that GRN is part of a larger network of lysosomal genes that is upregulated in response to the nuclear translocation of transcription factor EB (TFEB) and that this network is over-activated in GRN knockout mice after traumatic brain injury ([@ddx162-B44]). Interestingly, CTSD is also a member of this network activated by TFEB ([@ddx162-B45]). It is possible that the activation of this network is necessary to generate sufficient amounts of GRN and CTSD which are both necessary for lysosomal function. This would also explain why heterozygous deletion of GRN does not lead to a delayed recovery from facial nerve injury, as the reported increase in GRN production from the remaining allele ([Supplementary Material, Fig. S3B](#sup1){ref-type="supplementary-material"}) might be sufficient to fulfill its role in our acute model.

In this study, we provide evidence for a direct link between the neurotrophic effects of both GRN and GrnE with CTSD as chaperones to stabilize the enzyme, hence increasing its proteolytic activity. GRN and GrnE co-immunoprecipitated with CTSD and GRN also dose-dependently increased the enzymatic activity of CTSD. Interestingly, homozygous loss-of-function mutations in *GRN* and *CTSD* cause similar clinical phenotypes, i.e. the lysosomal storage disease, NCL ([@ddx162-B46]). This type of lysosomal storage disease is mostly observed in patients with homozygous mutations, as small amounts of lysosomal proteins can be sufficient for a normal function. Indeed, heterozygous knockout mice for GRN or CTSD do not show any pathology associated with neurodegeneration and also showed normal recovery after crush. However, a combined 50% reduction in their levels seems to be detrimental for normal functional recovery after crush. Our experiments indicate that in the absence of GRN, a less efficient and less stable CTSD enzyme is being formed. This could explain why different scenario's leading to an activation of the lysosomal stress response results in a seemingly similar compensatory upregulation of CTSD (e.g. an acute nerve crush injury, or significant ageing of mGRN^−/−^ mice). Although we did not observe differences in lysosomal CTSD localization or in the relative amount of mature over pro-CTSD, GRN is present in all of the cellular compartments where CTSD is found and hence could also influence different steps of its processing or trafficking to the lysosomes. Interestingly, one of the other genes that was differentially regulated in mGRN^−/−^ mice upon nerve injury was the low-density lipoprotein receptor-related protein 1 (LRP1), a sorting receptor which is also implicated in the delivery of GRN to the lysosomes ([@ddx162-B39]). Future studies will be necessary to determine if LRP1 dependent trafficking of GRN plays a role in neurite outgrowth and its chaperone function on CTSD.

In summary, our current study provides new insights into the biological functions of GRN, more specifically on its *in vivo* neurotrophic function and how this might be directly linked with a chaperone function of GRN, enhancing lysosomal CTSD activity and stability.

Materials and Methods
=====================

Animals
-------

### Generation

The conditional mGRN knockout mice were generated by homologous recombination in embryonic stem (ES) cells using a vector harboring three adjacent fragments from the mGRN locus isolated from a mouse C57Bl/6J BAC clone (\#RP23-226P4, Children\'s Hospital Oakland Research Institute (CHORI)) and cloned into the pDELBOY conditional targeting vector ([@ddx162-B47]). The targeting vector contained from 5' to 3': an FRT-flanked neomycin resistance cassette; a 3.9 kb mGRN fragment containing exon 1 together with ca 1.9 kb upstream sequence and ca 2 kb of intron 1; a loxP flanked MID fragment of 2.38 kb containing the remainder of intron 1 through ca 0.29 kb of intron 8; a 2.93 kb downstream adjacent mGRN fragment comprising exons 9--13; and a thymidine kinase expression cassette outside of the genomic homology regions for selection against random integrants. The targeting vector was linearized and electroporated into G4 ES cells ([@ddx162-B48]) (kindly provided by J.J. Haigh, Ghent, Belgium). Targeted ES cells were subjected to positive/negative selection with G418/gancyclovir, and correctly targeted ES cell clones with absence of random integrants were identified by appropriate Southern blot analysis. Recombinant ES cells were transiently electroporated with the Flp recombinase-expressing vector pOG-Flpe6 ([@ddx162-B49]) (kindly made available by A.F Stewart, Dresden, Germany) to remove the FRT-flanked neomycin cassette. Correctly excised clones were identified by PCR and were used for morula aggregation and generation of chimeric mice. These mice were bred with C57Bl/6J mice to generate germline mGRNflox mice. The resulting heterozygous mGRNflox mice were backcrossed with C57Bl/6J mice for at least 10 generations. Mice were then crossed with PGK-Cre mice ([@ddx162-B50]) to obtain heterozygous and homozygous mGRN deficient mice. Human GRN (hGRN) overexpressing mice were generated as described previously ([@ddx162-B35]) and mice with overexpression of a truncated GRN protein comprising only the first 417 amino acids (hGRN(418X) mice) were created in an identical way after the introduction of an R418X mutation in the *hGRN* cDNA using the QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA). CTSD deficient mice were created as described before ([@ddx162-B51]).

### Maintenance

All animals, except for the hGRN(418X) mice, were born and initially housed in type II filtertop cages in a specific pathogen free area. All animals used for experiments were transferred to a conventional animalium, where hGRN(418X) mice were born and housed in individually ventilated cages. All animals had access to food and water *ad libitum* with light-dark cycles of 12 h. All operations were performed under aseptic conditions and all procedures were approved by the Institutional Animal Care and Ethical Research Advisory Committee of the University of Leuven, Belgium (P132/2012 and P015/2015).

Facial nerve crush injury
-------------------------

### Surgical procedure

At the time of nerve crush injury, animals used to study functional recovery were 8 to 12 weeks old, while animals used for cell body counts in the facial motor nucleus were 7 weeks old. After checking the mice for normal eye blinking and whisker movement, they were anesthetized with 3% inhaled isoflurane (Eurovet NV, Heusden-Zolder, Belgium) which was maintained throughout the surgical procedure. Mice were placed on a 37 °C hot plate to prevent hypothermia during the surgery. Hair was removed and an incision was made in close proximity to the stylomastoid foramen. The facial nerve was uncovered from surrounding tissues by blunt dissection after which it was crushed using an ultra-fine hemostat with smooth tips (Fine science tools, Heidelberg, Germany). The nerve crush injury was performed for a duration of 20 s, as close as possible but proximal to the bifurcation of the retroauricular branch of the facial nerve ([Fig. 1A and B](#ddx162-F1){ref-type="fig"}). Next, the skin was sutured with 6--0 absorbable sutures (Ethicon, Somerville, New Jersey, USA). Mice were then returned to their cages and recovered from the surgery under a heating lamp, preventing hypothermia. When fully recovered, the absence of whisker movement was confirmed on the ipsilateral side of the nerve crush injury to verify that the procedure was carried out successfully.

### Functional analysis of the recovery

To evaluate regeneration of facial nerve axons, all mice were examined daily for whisker function by an investigator blinded for the genotypes. Whisker movement scores were given according to the following scale: a score of 0 was given for no detectable movement, 1 for detectable motion of individual whiskers, 2 for significant (but asymmetric) voluntary motion, and 3 for symmetric voluntary motion. To increase the power of our observations, behavioral assessments were made twice daily (9--10 am and 6--7 pm) in later experiments. The contralateral whiskers were used as a reference for complete functional recovery.

Immunofluorescence and histology
--------------------------------

### Facial motor neuron analysis

All animals used to study facial motor neuron vulnerability were subjected to a facial nerve crush injury at 7 weeks of age. 28 days after the injury, they were euthanized by CO~2~ asphyxiation, brains were rapidly removed, embedded in Tissue-Tek OCT compound (Sakura Finetek USA Inc., Torrance, CA, USA) and frozen on dry ice before being stored at -80 °C until further processing. 25 µm cryosections were made through the facial motor nucleus and stained with a 2X thionin solution to visualize the facial motor nucleus cell bodies ([@ddx162-B52]). Briefly, after a 1 min fixation in 100% ethanol in the cryochamber, slides were washed twice for 15 s in dH~2~O, stained for 45 s in 2X thionin, again washed in dH~2~0 two times and dehydrated in a three step ethanol series (70, 90 and 100%) for 30 s each. Slides were cleared with Histoclear solution for 1 min, mounted with PerTex mounting medium (Histolab, Göteborg, Germany) and images were acquired with a Zeiss Imager.M1 using a 10X objective. Facial motor neuron cell bodies were counted and analyzed for area, circular morphology and staining intensity, using ImageJ (v.1.49, NIH, USA). All parameters were normalized to those of the non-injured contralateral side.

### Immunostaining

All facial motor nucleus stainings were performed at 5 days post injury. To this end, mice were anesthetized with an overdose of pentobarbital (120 mg/kg bodyweight, I.P, NEMBUTAL®, Ceva Santé Animale, Brussels, Belgium) and perfused with PBS and 4% PFA (Sigma-Aldrich, St. Louis, MO, USA). Whole brains were post-fixed overnight in PFA and cryoprotected by 48 h incubation in 30% sucrose (Sigma-Aldrich). 25 µm cryosections were blocked with 3% BSA (Enzo Life Sciences BVBA, Brussels, Belgium) in 0.1% Triton X-100/PBS and incubated overnight at 4 °C with primary antibodies against SMI-32 (1:200, BioLegend, San Diego, CA, USA), Iba1 (1:200, Wako Chemicals GmbH, Neuss, Germany), Cathepsin D ([@ddx162-B53]) and mouse GRN (1:200, R&D systems Inc., Minneapolis, MN, USA), diluted in 0.1% Triton X-100/PBS containing 1% BSA. Alexa-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) were diluted in 0.1% Triton X-100/PBS and incubated for 1 h. Sections were mounted with ProLong® Gold antifade reagent (Life Technologies, Carlsbad, CA, USA). Images were acquired using the Leica SP8x confocal microscope.

Transcriptional analysis after facial nerve crush injury
--------------------------------------------------------

For RNA extraction from the facial motor nucleus, mice were euthanized by CO~2~ asphyxiation and after rapid dissection, brains were frozen in Tissue-Tek OCT compound on dry ice. Sections of 100 µm thickness through the facial motor nucleus were collected in the cryochamber, picked up on RNaseZAP (Life Technologies) treated superfrost microscope slides and stained with a 2X thionin solution (as described in section 3.1 using ultrapure diethylpyrocarbonate-treated water instead of dH~2~O). After careful microscopic dissection, pooling the ipsi- and contralateral facial motor nucleus in separate tubes, the collected tissue was immediately submerged in RNA extraction buffer of the PicoPure® RNA isolation kit (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) and further processed according to the manufacturer's protocol. For qRT-PCR analysis, first-strand cDNA was synthesized using SuperScript III (Invitrogen). PCR reactions were performed using TaqMan assays (Applied Biosystems, Foster City, CA, USA) for Iba1, CD11b and mGRN or SYBR Green reagents (Thermo Fisher Scientific) with the following primers: cathepsin D (*CTSD*) (forward, 5'-GCTTCCGGTCTTTGACAACCT-3\'; reverse, 5'-CACCAAGCATTAGTTCTCCTCC-3\') and normalized to three reference genes: adaptor-related protein complex 3, delta 1 subunit (*Ap3d1*) (forward, 5'-CAAGGGCAGTATCGACCGC-3\'; reverse, 5'-GATCTCGTCAATGCACTGGGA-3\'), MON2 homolog (*Mon2*) (forward, 5'-CTACAGTCCGACAGGTCGTGA-3\'; reverse, 5'-CGGCACTGGAGGTTCTATATCTC-3\') and F-box protein 38 (*Fbxo38*) (forward, 5'-ATGGGACCACGAAAGAAAAGTG-3\'; reverse, 5'-TAGCTTCCGAGAGAGGCATTC-3\'). Expression levels were normalized and analyzed using qBase+ (v.3.0, Biogazelle, Zwijnaarde, Belgium). For next-generation sequencing, samples were sent to VIB's nucleomics core (Leuven, Belgium) and analyzed for RNA integrity (≥ 7) by running on a Bioanalyzer (Agilent) before Trueseq total stranded RNA library preparation and sequencing on a NextSeq 500 instrument (Illumina Inc., San Diego, CA, USA).

Western blot analysis
---------------------

Proteins were extracted from brain cortex samples using RIPA buffer (Sigma-Aldrich) supplemented with Complete^TM^, EDTA-free protease inhibitor cocktail (Sigma-Aldrich), or with CD cell lysis buffer of the Cathepsin D activity assay kit (Abcam, Cambridge, UK) where CTSD activity was normalized to protein levels. Protein concentrations were determined using the microBCA kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Reducing sample buffer (Thermo Fisher Scientific) was added to samples containing equal amounts of protein and heated for 5 min at 95 °C before separation on a sodium dodecyl sulfate--polyacrylamide electrophoresis gel. After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (Merck Millipore, Darmstadt, Germany). Non-specific binding was blocked using 5% blotting-grade blocker (Bio-rad, Hercules, CA, USA), diluted in Tris-Buffered Saline Tween (50 mM TRIS, 150 mM NaCl, 0.1% Tween-20; Applichem, Darmstadt, Germany) for 1 h at room temperature before. Primary antibodies were incubated overnight at 4 °C, diluted in blocking-grade buffer and directed against human progranulin (1:200, R&D Systems), mouse cathepsin D ([@ddx162-B53]), 6X-His (1:1000, Abcam), beta-actin (1:5000, Sigma-Aldrich), alpha-tubulin (1:5000, Sigma-Aldrich), human cathepsin D (1:1000, Abcam) and GAPDH (1:2000, Thermo Fisher Scientific). HRP-coupled secondary antibodies (1:5000, Dako, Agilent), diluted in TBS-T, were incubated for 1 h at room temperature. Blots were visualized using the enhanced chemiluminescent substrate (Thermo Fisher Scientific) and imaged with an ImageQuant LAS 4000 system (GE Healthcare, Uppsala, Sweden). Blots were quantified in ImageQuant TL (v. 7.0).

Cathepsin D activity assay
--------------------------

Brain cortex samples were lysed in CD cell lysis buffer of the cathepsin D activity assay kit (Abcam). An amount of 100 ng total protein was analyzed according to the manufacturer's instructions. Individual GrnE with its 5' and 3' linker domains was produced by VIB's protein service facility (PSF, Ghent, Belgium). To this end, the cDNA encoding amino acids 497 to 593 of GRN, with an N-terminal 6X His-tag, was synthetized and cloned into a pcDNA3.1(+) expression vector (Geneart, Thermo Fisher Scientific).

Statistical analysis
--------------------

All statistical analyses were performed using GraphPad Prism (v 7.01, GraphPad Software, Inc, San Diego, CA, USA). Gene ontology analysis was performed using the High-Throughput GoMiner webinterface with standard parameters ([@ddx162-B54]).
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[^1]: Present Address: Janssen, Pharmaceutical Companies of Johnson & Johnson, B-2340 Beerse, Belgium.

[^2]: Ctsd: cathepsin D, Grp: gastrin releasing peptide, Lrp1: low density lipoprotein receptor-related protein 1, Nefm: neurofilament medium polypeptide, Gm10800: predicted gene 10800, Cyth4: cytohesin 4, Scarna17: small Cajal body-specific RNA 17, Ccl12: chemokine (C-C motif) ligand 12, 1700003F12Rik: RIKEN cDNA 1700003F12 gene, Lst1: leukocyte specific transcript 1.
